Introduction {#sec1}
============

The potential of engineered herpes simplex virus (HSV) vectors as gene transfer vehicles has been studied for years and these vectors are now emerging as promising gene therapy and oncolytic agents.[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6] A major drawback of the HSV vector system as a gene transfer tool has been its toxicity for a variety of cell types, due mainly to cell-cycle arrest and apoptosis induced by viral gene products.[@bib7] Several groups have attempted to reduce the cytopathic effects of the HSV vector by genetic manipulation. Originally, recombinant HSV vectors had single immediate-early (IE) genes deleted, such as ICP4, which encodes a major transcription factor, or ICP27, which encodes an essential post-transcriptional regulator,[@bib8], [@bib9], [@bib10], [@bib11], [@bib12] to block lytic replication. However, these mutants still exhibited cytotoxic effects on many cell types *in vitro.*[@bib13], [@bib14], [@bib15] Subsequently, double and multiple IE gene-deletion mutants in various combinations were developed to further reduce vector cytotoxicity and their safety was evaluated.[@bib8]^,^[@bib12]^,^[@bib16] Most of these recombinants still showed residual cytotoxic effects and their use as gene therapy vectors has therefore been limited. To eliminate these barriers, we recently developed a genetically engineered non-cytotoxic HSV vector by ablation of all IE gene expression,[@bib17] causing heterochromatinization of the viral genome upon entry into the cell and shut-down of all toxic viral gene expression; only the latency-associated transcript (LAT) locus remains transcriptionally active, allowing the expression of therapeutic genes.[@bib17] We have demonstrated that large and multiple transgene expression cassettes can be inserted into the HSV vector genome and expressed under different regulatory sequences.[@bib17]^,^[@bib18] The engineered non-toxic HSV has successfully provided robust transgene expression without vector-mediated cytotoxicity in rat brain, indicating that the vector can be used for transduction *in vivo.*[@bib19] Thus, this non-toxic HSV vector platform can be expected to become a new safe and useful tool for efficient gene therapy.

Since non-toxic HSV vectors lack the ability to express any IE gene products, they cannot replicate in normal cells. Therefore, to produce the highly defective virus particle, we generated a specific producer cell line, U2OS-ICP4/27, by lentiviral transduction of human osteosarcoma U2OS cells with two essential HSV IE genes, ICP4 and ICP27.[@bib17] Because U2OS cells naturally complement the growth-promoting activity of the toxic IE protein ICP0,[@bib20] our IE gene-disabled HSV vectors could be propagated substantially more efficiently on U2OS-ICP4/27 cells than on traditional ICP4/ICP27-complementing (e.g., Vero-based 7B) cells.[@bib8]^,^[@bib17]

In the present study, we evaluated different cell-culture parameters in order to optimize the production of a prototype non-toxic HSV vector, JΔNI5,[@bib17] on U2OS-ICP4/27 cells. We demonstrate that modification of each of the culture parameters significantly affected the physical vector yield and its biological activity. Additionally, several chemical agents, including histone deacetylase (HDAC) and bromodomain and extra-terminal (BET) inhibitors, were tested for their ability to enhance the replication of non-toxic HSV. Furthermore, we examined two other chemicals, sodium chloride and cesium chloride, for their ability to increase the release of the HSV vector from its U2OS-ICP4/27 producer cells. Finally, we examined the differences in the results obtained from the conventional production method compared with an optimized protocol using the elements with the highest impact on virus yield.

Results {#sec2}
=======

Optimization of Culture Conditions for JΔNI5 Vector Production {#sec2.1}
--------------------------------------------------------------

We first determined the optimal multiplicity of infection (MOI) for efficient production of JΔNI5 vector, a non-toxic HSV vector previously described by one of our labs.[@bib17] The JΔNI5 genome carries an mCherry expression cassette as a transgene in place of the terminal ICP4 locus. In previous reports, MOIs of 10^−2^ to 10^−4^ were considered suitable for recombinant HSV vector production.[@bib21] In our system, the physical titers at these MOIs increased rapidly and reached peak values of 1.66--1.79 × 10^10^ genome copies (gc)/mL at 7--8 days post infection (dpi) ([Figure 1](#fig1){ref-type="fig"}A). At input MOIs of 10^−5^ or 10^−6^, the titers peaked at 9 or 10 dpi, respectively, with the highest titer (2.1 × 10^10^ gc/mL) achieved by MOI = 10^−5^ at 9 dpi. Likewise, the peak biological titers (in plaque-forming units \[PFU\]/mL) also depended on the input MOI ([Figure 1](#fig1){ref-type="fig"}B). The highest biological titer (2.9 × 10^6^ PFU/mL) was once again achieved using MOI = 10^−5^ at 9 dpi. The gc/PFU ratio was also examined to estimate the quality of the virus ([Figure 1](#fig1){ref-type="fig"}C). The minimum gc/PFU ratio was achieved at 4--6 dpi, except for MOI = 10^−6^ (8 dpi), and a modest increase was generally observed at later time points. The gc/PFU ratio was not significantly different among the conditions at 9 dpi. Together, these results indicated that an input MOI of 10^−5^ was optimal, establishing it as the standard input for optimization of other culture parameters. To verify that the gc/PFU ratio represented an accurate measure of the functionality of the vector preparation, we infected fetal rat dorsal root ganglion (rDRG) neurons in culture with 5,000 gc/cell of the 9 dpi MOI = 10^−2^ and MOI = 10^−5^ and the transduction efficiencies were examined 4 d later. As expected, the HSV vector produced by MOI = 10^−5^ showed a more widespread mCherry expression than to the vector produced by MOI = 10^−2^ ([Figure 1](#fig1){ref-type="fig"}D). This result was confirmed by quantitative reverse transcriptase PCR (qRT-PCR) measurement of mCherry mRNA levels at 7 dpi ([Figure 1](#fig1){ref-type="fig"}E). The mRNA level of mCherry from the HSV vector produced by MOI = 10^−5^ at 9 dpi was approximately 2.7-fold higher than that of the vector produced by MOI = 10^−2^ at 9 dpi ([Figure 1](#fig1){ref-type="fig"}E). These observations validated the gc/PFU ratio as an informative measure of the quality of our vector stocks. We also produced a closely related vector, JΔNI8, which was derived from JΔNI5 by deletion of the virion host shutoff (*vhs*) gene,[@bib22] and compared its yields with those of JΔNI5 over time at the optimal input MOI (10^−5^; [Figure S1](#mmc1){ref-type="supplementary-material"}). Both vectors grew at a comparable rate in U2OS-ICP4/27 cells.Figure 1JΔNI5 Vector Growth at Different MOIsConfluent U2OS-ICP4/27 cells in T225 flasks were infected with JΔNI5 vector at 10^−2^--10^−6^ plaque formation unit (PFU)/cell. (A and B) Physical titers in gc/mL (A) and biological titers in PFU/mL (B) in the supernatants were measured daily by quantitative real-time PCR and standard plaque assay, respectively. (C) gc/PFU ratios were calculated based on the results of (A) and (B). (D and E) Cultures of rat primary dorsal root ganglia (rDRGs) were infected with JΔNI5 vector preparations (5,000 gc/cell) produced at MOIs of 10^−2^ or 10^−5^. At 4 d post-infection (dpi), vector-mediated mCherry fluorescence was photographed (D) and relative mCherry mRNA levels were measured by qRT-PCR with normalization to 18S rRNA (E). Group comparisons were performed with Student's t test or one-way ANOVA with post hoc Dunnett's multiple comparison test. Differences between an input MOI of 10^−5^ and 10^−2^ were statistically highly significant (∗p \< 0.05). Quantitative data are presented as means ± SD (n = 3).

To explore whether the cell culture conditions influence the yield of JΔNI5 virus, we tested variations in pH, temperature, glucose, and serum concentration[@bib23] ([Figure 2](#fig2){ref-type="fig"}). A media pH of 7.5--8.0 resulted in the highest vector yield, whereas pH = 6 significantly inhibited virus production ([Figure 2](#fig2){ref-type="fig"}A). Virus growth at 33°C or 35°C resulted in the highest virus titers, reached at 9 dpi ([Figure 2](#fig2){ref-type="fig"}B), while significantly lower yields were obtained at higher temperatures (37°C--39°C). To examine the effect of glucose concentration, we first recorded the changes in its concentration in the media during vector production ([Figure S2](#mmc1){ref-type="supplementary-material"}A). The glucose concentration decreased over time in our system, consistent with previous observations.[@bib20] Daily supplementation of glucose then enabled us to maintain the glucose concentration throughout the period of vector production ([Figure S2](#mmc1){ref-type="supplementary-material"}B). To determine the glucose requirement during virus growth, we propagated JΔNI5 virus under naturally decreasing levels of glucose (group A), at a constant glucose concentration due to daily supplementation (group B), or in the absence of glucose in the culture medium (group C). The supplementation of glucose did not influence virus growth, whereas its absence clearly inhibited viral replication ([Figure 2](#fig2){ref-type="fig"}C). To examine whether serum concentration affects virus production, we tested three different serum concentrations (0%, 5%, and 10%). As shown in [Figure 2](#fig2){ref-type="fig"}D, no significant differences in virus growth kinetics or yield were observed, suggesting that serum can be eliminated from the culture medium in our system.Figure 2Effects of Cell Culture Conditions on JΔNI5 Vector ProductionConfluent U2OS-ICP4/27 cells in T75 flasks were infected with JΔNI5 virus at an MOI of 10^−5^ PFU/cell for 2 h. (A--D) The infected cells were then incubated in media at various pH values (A), temperatures (B), glucose concentrations (C), or serum concentrations (D). Supernatant titers in gc/mL were determined daily by quantitative real-time PCR. Group comparisons were performed with one-way ANOVA with post hoc Dunnett's multiple comparison test. Statistically significant differences between pH 7.5 and pH 6 are indicated by asterisks (∗p \< 0.05). Differences between 33°C and 37°C were statistically highly significant (∗p \< 0.05). Statistically significant differences between 4.5 g/L and 0 g/L glucose are indicated (∗p \< 0.05). Group A, glucose levels decreasing from the initial 4.5 g/L concentration; group B, glucose levels maintained at \~4.5 g/L; group C, glucose-free media. Data are presented as means ± SD (n = 3).

Effect of Frequency of Media Collection on JΔNI5 Vector Production {#sec2.2}
------------------------------------------------------------------

Next, we asked whether the frequency of culture media collection could impact virus production. Four media collection protocols were tested ([Figure 3](#fig3){ref-type="fig"}A). In each protocol, whole culture supernatant was collected on the days indicated by circles in the figure and replaced with fresh medium, namely, culture supernatant was collected 4 times at 4, 6, 8, and 10 dpi in protocol (a), and 3 times at 6, 8, and 10 dpi in protocol (b). Alternatively, we harvested culture supernatant 2 times at 6 and 10 dpi in protocol (c) and only once at 10 dpi in protocol (d). The virus growth curves ([Figures 3](#fig3){ref-type="fig"}B and 3C) and accompanying changes in gc/PFU ratios ([Figure 3](#fig3){ref-type="fig"}D) were very similar between the protocols, even protocol (a) involving multiple media replacements. Total virus yields and gc/PFU ratios are listed in [Table 1](#tbl1){ref-type="table"}. The total gc of protocols (a) and (b) were higher relative to protocol (d) and the total PFU of protocol (b) was approximately 2-fold higher than that of protocol (d). In addition, the total gc/PFU ratio of protocol (b) was superior to that of all other groups. Together, these results indicated that frequent media collection can improve vector yield and quality.Figure 3Effect of Media Exchange Frequency on JΔNI5 Vector Production(A) Timeline of media changes in 4 experimental groups (a--d). Circles in the diagram represent complete media changes. (B and C) Confluent U2OS-ICP4/27 cells in T75 flasks were infected with JΔNI5 virus at an MOI of 10^−5^ PFU/cell and viral titers in the media were measured daily by quantitative real-time PCR (B) and standard plaque assay (C). (D) gc/PFU ratios were calculated from the results of (B) and (C). Data are presented as means ± SD (n = 3).Table 1Summary of Vector Yields Using Different Media Replacement Protocols (n = 3)(a)(b)(c)(d)Total gc7.8 ± 0.91 × 10^10^6.0 ± 0.24 × 10^10^4.9 ± 0.44 × 10^10^4.9 ± 0.10 × 10^10^Total PFU4.3 ± 1.5 × 10^7^6.0 ± 1.7 × 10^7^∗3.2 ± 0.75 × 10^7^2.9 ± 0.93 × 10^7^Total gc/PFU1,816 ± 607990 ± 3711520 ± 2671,665 ± 506[^1]

Enhancement of Non-toxic HSV Vector Production by Treatment with Chemical Agents {#sec2.3}
--------------------------------------------------------------------------------

It has been shown that HDAC inhibitors and BET motif inhibitors enhance oncolytic HSV replication in tumor cells but not normal cells.[@bib24], [@bib25], [@bib26], [@bib27], [@bib28] Therefore, we evaluated whether these agents can also promote non-toxic HSV replication in U2OS-ICP4/27 cells, which are derived from an osteosarcoma tumor cell line. Based on previous reports, we selected the nine agents listed in [Table 2](#tbl2){ref-type="table"} for initial analysis. We infected U2OS-ICP4/27 cells with JΔNI5, treated the cells with the indicated agents at different doses, and measured the virus titers at 6 dpi. For accurate comparison to negative controls, experiments were divided into two groups based on the solvent ([Table 2](#tbl2){ref-type="table"}; [Figures 4](#fig4){ref-type="fig"}A and 4B). All HDAC inhibitors showed dose-related increases in vector yields compared with the control while BET inhibitor JQ1 did not enhance JΔNI5 virus production. In particular, significant increases in vector yields were observed with Valproic acid (VPA, 10 mM), Belinostat (BEL, 10 μM), sodium butyrate (NaB, 0.1 mM), and suberoylanilide hydroxamic acid (SAHA, 0.1 μM). Because SAHA showed the highest vector yield among these agents, we focused on SAHA for further experiments. Previous reports have suggested that pre-treatment of the cells with HDAC inhibitors followed by infection in the absence of inhibitor ("pre-treatment") is more effective in enhancing virus replication than in the continued presence of inhibitor ("co-treatment").[@bib28], [@bib29], [@bib30] We therefore compared these two conditions in our system. As illustrated in [Figure 5](#fig5){ref-type="fig"}A, SAHA removal prior to infection resulted in more efficient viral spread. Furthermore, the vector yield was slightly higher using this protocol compared to co-treatment ([Figure 5](#fig5){ref-type="fig"}B). We also explored whether concentrations of SAHA between 0.1 and 1 μM analyzed in [Figure 4](#fig4){ref-type="fig"}B would increase vector yield further ([Figures 5](#fig5){ref-type="fig"}C and 5D). Both the physical and the biological titer reached a peak at 0.5 μM SAHA (1.82-fold compared to no-SAHA control, p \< 0.05), while the gc/PFU ratio was similar to that of the control ([Table 3](#tbl3){ref-type="table"}), indicating that SAHA can increase the yield of non-toxic HSV vector without reducing its quality.Table 2Chemical Agents Used in This StudyInhibitorSolventConcentrationHDAC[a](#tblfn1){ref-type="table-fn"}VPA (Valproic acid)dH~2~O100\~0.1 mMBEL (Belinostat)dH~2~O100\~0.1 μMNaB (Sodium butyrate)dH~2~O1\~0.01 mMAPHA8 (APHA compound 8)DMSO50\~0.5 μMPAN (Panobinostat)DMSO100\~1 nMSAHA (Suberoylanilide hydroxamic acid, Vorinostat)DMSO1\~0.01 μMTSA (Trichostatin A)DMSO250\~2.5 nMBET[b](#tblfn2){ref-type="table-fn"}JQ1DMSO300\~3 nM[^2][^3]Figure 4Effect of Chemical Agents on JΔNI5 Vector ProductionConfluent U2OS-ICP4/27 cells in 24-well culture dishes were treated with HDAC or BET inhibitors for 2 h prior to infection with 10^−5^ viral PFU/cell. At 6 dpi, supernatants were harvested and viral vector titers determined by quantitative real-time PCR. (A and B) Agents were analyzed in 2 groups according to their solvent, dH~2~O (A) or dimethyl sulfoxide (DMSO) (B); controls were the respective solvents alone. Group comparisons were performed with one-way ANOVA with post hoc Dunnett's multiple comparison test. (∗p \< 0.05). Data are presented as means ± SD (n = 3).Figure 5Comparison of Viral Yields under Different SAHA Treatment ConditionsConfluent U2OS-ICP4/27 cells in T225 flasks were treated with 0.5 μM SAHA for 2 h. Cells in the "co-treatment" group were then infected with JΔNI5 virus. Cells in the "pre-treatment" group were washed with PBS and fresh medium without SAHA was added prior to viral infection. All infections were performed with 10^−5^ viral PFU/cell. (A and B) Fluorescence was recorded at 7 dpi (A) and the titers of supernatant samples were analyzed by quantitative real-time PCR at 9 dpi (B). (C and D) Confluent U2OS-ICP4/27 cells in T225 flasks were treated with the indicated concentrations of SAHA for 2 h and infected with JΔNI5 vector in SAHA-free media. Supernatant samples were collected at 9 dpi and viral titers determined by quantitative real-time PCR (C) and standard plaque assay (D). Differences between pairs were analyzed by Student's t test for (B), and group comparisons (C and D) were performed with Student's t test or one-way ANOVA with post hoc Dunnett's multiple comparison test. Data are presented as the means ± SD (n = 3; ∗p \< 0.05, ∗∗p \< 0.01 compared to solvent).Table 3gc/PFU Yields at Different SAHA Concentrations (n = 3)Concentration (μM)00.10.250.51.0gc/PFU1,695 ± 3981,580 ± 4911,799 ± 5421,474 ± 1851,906 ± 39

Induction of Non-toxic HSV Vector Release from Producer Cells by Salt Treatment {#sec2.4}
-------------------------------------------------------------------------------

Viral vectors can be recovered from the surface of producer cells by treatment with sodium chloride[@bib31]^,^[@bib32] or cesium chloride.[@bib33] Hence, we next evaluated whether these salts can function to promote the release of trapped virus also in our system. Culture supernatants were harvested at 9 dpi and fresh media with or without the indicated salt was added to the cells ([Figures 6](#fig6){ref-type="fig"}A and 6B). Consistent with previous results, both sodium chloride and cesium chloride induced the release of the JΔNI5 virus from its producer cells. The physical and biological titers peaked at 0.25 M sodium chloride treatment with a 37-fold increase in gc compared to the control (p \< 0.05). The released virus was infectious and superior in gc/PFU ratio to the control ([Table 4](#tbl4){ref-type="table"}), showing that both salts can improve the recovery of active virus also in our system.Figure 6Induction of JΔNI5 Virus Release from Producer Cells by SaltsConfluent U2OS-ICP4/27 cells in T75 flasks were infected with JΔNI5 virus at 10^−5^ PFU/cell. At 9 dpi, supernatants were replaced with media supplemented with NaCl or CsCl at the indicated concentrations or media alone (control). (A and B) Cultures were then incubated at 33°C for 6 h and supernatants were collected and titered by quantitative real-time PCR (A) and standard plaque assay (B). Group comparisons were performed with one-way ANOVA with post hoc Dunnett's multiple comparison test. Data are presented as means ± SD (n = 3; ∗p \< 0.05 compared to control).Table 4gc/PFU Ratios of Viruses Released by Different Salt Concentrations (n = 3)Concentration (M)gc/PFUNaCl0.11,462 ± 3920.251,841 ± 4800.51,443 ± 3581.01,945 ± 29CsCl0.12,343 ± 11330.251,303 ± 2960.51,251 ± 4781.01,052 ± 457Control--4,227 ± 1545

Comparison of Optimal and Conventional Production Procedures {#sec2.5}
------------------------------------------------------------

We combined the optimal parameters established above for infection and culture conditions and virus harvest to maximize virus yield and quality in what we refer to as the optimal protocol ([Table 5](#tbl5){ref-type="table"}). To evaluate its performance, we performed JΔNI5 vector production in parallel using the optimal protocol and the conventional vector production method ([Table 5](#tbl5){ref-type="table"}, conventional protocol) and the vector yields and quality were compared ([Table 6](#tbl6){ref-type="table"}). The vector yield reached by the optimal protocol was higher than that accomplished by the conventional protocol (approximately 2.8-fold in gc titer, 3.8-fold in PFU titer). Furthermore, the gc/PFU ratio obtained using the optimal protocol was superior to that achieved with the conventional protocol (approximately 1.3-fold). To confirm the superior quality of the optimal protocol vector stock, we compared the transduction efficiencies of equal gc of the two preparations in rDRG cultures ([Figure 7](#fig7){ref-type="fig"}). As expected, rDRG cultures infected with the optimal-protocol virus displayed more robust transgene expression than cultures infected with the conventional-protocol virus ([Figure 7](#fig7){ref-type="fig"}A). Lastly, we compared intracellular viral DNA levels and transgene mRNA levels between cultures infected with either virus stock. Total cellular DNA and mRNA were harvested at 4 dpi and analyzed by quantitative real-time PCR for the viral gD gene ([Figure 7](#fig7){ref-type="fig"}B) and qRT-PCR for the mCherry transgene ([Figure 7](#fig7){ref-type="fig"}C), respectively, as previously described.[@bib17] The results demonstrated that both virus entry and transgene expression were increased in cultures infected with the optimal-protocol virus compared with cultures infected with conventional-protocol virus, confirming that the optimized protocol improved not only the yield, but also the specific activity of our virus stocks.Table 5Summary of Optimal and Conventional JΔNI5 Vector Production MethodsOptimal ProtocolConventional ProtocolMOIE-5E-4Temperature33°C33°CSerum0%0%Chemical agentSAHA (0.5 μM, pre 2 h)noneVector releaseNaCl (0.25 M, 2 h)noneMedium collectiondays 6, 8, 9day 9Table 6Summary of Results from JΔNI5 Vector Production Runs using the Conventional and the Optimal Protocol (n = 3)Total gcTotal PFUgc/PFUConventional protocol6.8 ± 0.35 × 10^10^4.7 ± 2.3 × 10^7^1,827 ± 730Optimal protocol1.9 ± 0.17 × 10^11^1.8 ± 0.99 × 10^8^1,408 ± 710Figure 7rDRG Transduction by JΔNI5 Viruses Produced by Optimal and Conventional Protocols(A) rDRGs were infected with each JΔNI5 virus preparation at 5,000 gc/cell and mCherry fluorescence was photographed at 4 dpi. (B and C) Relative amounts of viral genomes (B) and mCherry mRNA (C) in rDRGs at 4 dpi as determined by quantitative real-time PCR and qRT-PCR, respectively. Intracellular viral genome numbers and mCherry mRNA levels were normalized to cellular 18S rRNA genes and RNA levels, respectively. Differences between pairs were analyzed by Student's t test. Data are presented as means ± SD (n = 3; ∗∗p \< 0.01).

Discussion {#sec3}
==========

Non-toxic HSV vectors are harmless high-capacity vehicles for therapeutic gene delivery, but they replicate extremely inefficiently in traditional complementing cell lines because of the functional deletion of all IE genes, which severely limits their clinical applicability. To address these manufacturing concerns, we previously generated a novel producer cell line, U2OS-ICP4/27,[@bib17] and the experiments described in this paper were aimed at optimizing the conditions for high-yield and high-quality production of stocks of our non-toxic HSV vectors by these cells.

Our study demonstrates that several infection and cell culture parameters significantly affect the yield and quality of JΔNI5 virus preparations ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). A previous report showed that an MOI of 0.02 was the most suitable for replication-defective HSV vector production.[@bib20] However, here we found that the optimal MOI for JΔNI5 vector production by our ICP4/ICP27-complementing U2OS cell line is 10^−5^. The difference is most likely related to the nature of the producer cells; in the past, complementing producer cells were typically based on Vero cells, which intrinsically restrict HSV infection and spread and do not support significant replication of ICP0 null HSV mutants.[@bib34], [@bib35], [@bib36] In contrast, U2OS cells are highly permissive for HSV infection[@bib37]^,^[@bib38] and inherently complement ICP0 null HSV mutants.[@bib20] These properties appear to favor the use of a very low MOI for the production of our ICP0 null JΔNI5 vector and most likely of other similarly defective vectors. As shown here, JΔNI5 infection at higher MOIs provided less robust virus replication ([Figure 1](#fig1){ref-type="fig"}A) and lower maximum PFU titers, resulting in higher gc/PFU ratios ([Figures 1](#fig1){ref-type="fig"}B and 1C), suggesting a relative increase in defective, non-infectious particle formation. The optimal cell culture parameters, including temperature, pH, and serum and glucose concentrations during JΔNI5 vector production were also different from those reported in other systems.[@bib21]^,^[@bib39] Hence, our results demonstrate the value of varying the input MOI and cell-culture parameters when using a non-standard virus production protocol.

We determined the gc/PFU ratios of viruses produced under varying conditions ([Figures 1](#fig1){ref-type="fig"}C and [3](#fig3){ref-type="fig"}D; [Tables 1](#tbl1){ref-type="table"}, [3](#tbl3){ref-type="table"}, [4](#tbl4){ref-type="table"}, and [6](#tbl6){ref-type="table"}) because these ratios reflect the proportion of functional HSV particles in vector stocks; the higher the ratio, the lower the percentage of active particles. Indeed, JΔNI5 virus preparations exhibiting a lower gc/PFU ratio showed higher transduction efficiencies in rDRG cultures than preparations with a higher gc/PFU ratio ([Figures 1](#fig1){ref-type="fig"}D, 1E, and [7](#fig7){ref-type="fig"}). The presence of excess defective particles in vector stocks can cause adverse events in gene therapy, including undesired immune responses.[@bib40]^,^[@bib41] Thus, monitoring of the gc/PFU ratio is essential for the establishment of optimal procedures to generate high-quality HSV stocks.

We evaluated the effect of HDAC inhibitors on virus production since these agents have been reported to enhance the replication of oncolytic HSV in cancer cells.[@bib24]^,^[@bib25]^,^[@bib28] Consistent with previous research, most HDAC inhibitors tested in this study increased virus yield in our system ([Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). In addition, cell conditioning with the HDAC inhibitor SAHA prior to infection followed by virus growth in SAHA-free media ("pre-treatment") was more effective than infection and growth in the continued presence of the drug ("co-treatment") ([Figure 5](#fig5){ref-type="fig"}). Previous studies have shown that HDAC inhibitor pretreatment, but not cotreatment, promotes gene expression of HSV and cell-cycle regulators such as p16 and p21, whereas it inhibits expression of interferon responsive genes including STAT1 and PKR.[@bib24] Thus, our results revealed that HDAC inhibitor-mediated modifications of gene expression contribute to the molecular mechanisms for high yield non-toxic HSV production. Importantly, SAHA treatment had no discernible impact on the gc/PFU ratio of the product ([Table 3](#tbl3){ref-type="table"}), indicating that the drug is capable of increasing vector yield without reducing vector functionality. Because SAHA is a simplified structural analogs of TSA and suitable for mass-production[@bib42] and SAHA has already been used to treat cutaneous T cell lymphoma in clinical practice and its safety has been confirmed,[@bib43] its use in the production of non-toxic HSV gene therapy vectors for potential future patient trials should not cause safety or regulatory concerns. However, the use of SAHA in large-scale vector production runs will require careful adjustment of its concentration since a doubling of the optimal dose in our small-scale runs was counter-productive ([Figures 5](#fig5){ref-type="fig"}C and 5D).

Efficient viral vector release from producer cells simplifies vector purification and minimizes contamination of the product with cellular impurities. Sodium chloride,[@bib31]^,^[@bib32] cesium chloride,[@bib33] heparin,[@bib44] and dextran sulfate[@bib44]^,^[@bib45] have all been used previously to promote virus detachment from producer cells and membrane debris. Here, we documented productive recovery of JΔNI5 virus from our U2OS-based producer cells using either sodium chloride or cesium chloride treatment and determined the concentration of both salts for optimal vector release in this system ([Figure 6](#fig6){ref-type="fig"}). Moreover, our results revealed that those treatment conditions did not adversely affect the specific infectious activity of the product ([Table 4](#tbl4){ref-type="table"}).

In conclusion, we developed an efficient method for the production of our novel class of non-toxic HSV vectors by the optimization of infection parameters, including the MOI and the composition and exchange frequency of the culture media, and achieved an important improvement in the quality and yield of our prototype of this class of vectors. In addition, we demonstrated that judicious use of HDAC inhibitors and sodium chloride increase the recovery of active virus. These results will contribute to the establishment of a cost-effective and reproducible protocol for efficient production of highly defective, non-toxic HSV vectors for pre-clinical and clinical studies as well as *in vitro* transduction applications.

Materials and Methods {#sec4}
=====================

Cells and Viruses {#sec4.1}
-----------------

U2OS-ICP4/27 cells were as described previously[@bib18] and were grown in DMEM (Thermo Fisher) with 10% (vol/vol) fetal bovine serum (FBS, Thermo Fisher), penicillin-streptomycin (P/S, Sigma), puromycin (1 μg/mL), and blasticidin (5 μg/mL). All animal care and use procedures were carried out in agreement with the Animal Experiments Ethical Review Committee, and approved by the President of Nippon Medical School (Approval number 28-037). Fetal rat dorsal root ganglia (rDRGs) were microdissected from day 21 rat embryos, dissociated with 5 mg/mL collagenase A (Roche), 1 mg/mL Dispase II (Roche) in PBS for 30 min at 37°C with constant shaking, and then treated with 0.125% Trypsin/EDTA (Sigma) for 30 min at 37°C with constant shaking. After dissociation, rDRGs were washed twice with DMEM/F12 (Thermo Fisher) and plated on poly-D-lysine/laminin-coated coverslips (BD Biosciences) at 5 × 10^4^ cells per well in 24-well dishes in 500 μL of rDRG culture medium (Neurobasal-A medium, Thermo Fisher) with 2% B-27 supplement (Thermo Fisher), P/S, 50 ng/mL nerve growth factor-7S (Sigma), and 2 ng/mL GDNF (R&D Systems). At 1 d post-plating, rDRGs were treated with arabinofuranoside hydrochloride (Sigma) in the above media for 7 d to remove dividing cells. Cells were then incubated with fresh rDRG culture media as above. HSV transduction was performed 7 d after plating. JΔNI5 and JΔNI8 vectors were amplified and titered on U2OS-ICP4/27 cells as described.[@bib18]^,^[@bib23]

Virus Growth Curves {#sec4.2}
-------------------

When using T225 flasks, triplicate flasks of 2 × 10^7^ U2OS-ICP4/27 cells were infected with JΔNI vector at a MOI (in PFU/cell) indicated in the respective figure legends for 2 h at 37°C and 5% CO~2~ prior to incubation at 33°C and 5% CO~2~. For culture parameter optimization, triplicate T75 flasks of 6.7 × 10^6^ U2OS-ICP4/27 cells were used. The supernatants were collected daily for virus titration. Viral titers were determined by quantitative real-time PCR for the gD gene or standard plaque assay on U2OS-ICP4/27 cells. For optimization of the glucose concentration, cells were grown in D-MEM (high glucose) with L-glutamine and phenol red (044-29765, Wako) or D-MEM (no glucose) with L-glutamine and phenol red (042-32255, Wako). In order to keep the concentration of glucose at \~4.5 g/L, D(+)-glucose (049-31165, Wako) was added to the culture media. For induction of vector release, cells were infected as described above and supernatants were harvested 9 d later. Fresh media supplemented with NaCl or CsCl to different final concentrations were added to the cultures and incubation was continued for 6 h at room temperature. Supernatants were then collected and their physical and biological viral titers determined.

Chemical Agents {#sec4.3}
---------------

HDAC and BET inhibitors and their commercial sources were as follows: APHA (3-\[4-aroyl-1H-2-pyrrolyl\]-N-hydroxypropenamide) compound 8 (A2478, Sigma), Belinostat (CS-0453, ChemScene), NaB (B5887, Sigma), Panobinostat (PAN; CS-0267, ChemScene), SAHA (Vorinostat; 10009929, Cayman Chemical), Trichostatin A (TSA; T-8552, Sigma), VPA (P4543, Sigma), and JQ-1 (2070-1,5, BioVision). Stock solutions of VPA, BEL, and NaB were prepared in dH~2~O and the remaining stock solutions (APHA8, PAN, SAHA, TSA, and JQ-1) were prepared in dimethyl sulfoxide (DMSO; 472301, Sigma). Sodium chloride (191-01665) and cesium chloride (037-19685) were purchased from Wako. For evaluation of SAHA treatment conditions, confluent U2OS-ICP4/27 cells in T225 flasks were treated with 0.5 μM SAHA for 2 h prior to viral infection. Cells were then infected with JΔNI5 virus at 10^−5^ (co-treatment group) or supernatants were replaced with SAHA-free media prior to infection at the same MOI (pre-treatment group). Fine-tuning of the SAHA concentration was performed in the pre-treatment protocol.

qRT-PCR and Genomic Quantitative Real-Time PCR {#sec4.4}
----------------------------------------------

rDRGs were seeded in 15 wells of a 24-well tissue culture dish and infected with JΔNI5 virus at 5,000 gc/cell. At 4 dpi, cells were harvested and pooled in groups of 5, genomic DNA and total RNA were extracted from each group by RNeasy Mini kit (QIAGEN), and RNA was reverse transcribed by SuperScript IV Reverse Transcriptase (Thermo Fisher). Genomic DNA and cDNA were analyzed by quantitative real-time PCR in triplicate using the 7500 Fast Real-Time PCR System (Applied Biosystems). Results were normalized to cellular 18S rRNA genes or RNA. PCR primers used in this study were as described.[@bib18]

Statistical Analyses {#sec4.5}
--------------------

All values are presented as the mean ± SD. Differences between pairs were analyzed by Student's t test or one-way analysis of variance (ANOVA) with post hoc Dunnett's multiple comparison test using Microsoft Excel 14.7.7 or IBM SPSS statistics version 25.0. p values below 0.05 (p \< 0.05) were considered statistically significant.
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[^1]: Group comparisons were performed with one-way ANOVA with post hoc Dunnett's multiple comparison test. ∗p \< 0.05.

[^2]: Histone deacetylase.

[^3]: Bromodomain and extra-terminal.
